BOND TESTING SYSTEM, METHOD, AND APPARATUS 
BACKGROUND OF THE INVENTION 



1. Field of the Invention 

[0001] This invention relates generally to nondestructive testing and assessment. 
In particular, the present invention relates to nondestructive testing and assessment 
of bonds and bond strength. 

2. Description of Related Art 

[0002] Accurate and effective nondestructive bond strength evaluation has been 
one of the more challenging and elusive nondestructive goals for decades. In certain 
aerospace sectors, bond testing has been done using an approach that determines the 
percent area covered by the bond. An assumption made by the percent area 
approach is that any area that is not covered by a bond has no strength and any area 
that is covered by a bond has full bond strength. Unfortunately, some "bonds" exist 
that are in physical contact, but have no strength. These are often referred to as 
"kissing bonds" and offer no strength but are measured by the percent area approach 
as fully strong. 

[0003] The need for a technique to assess bond strength is significant. Bonds are 
an important structural element in many designs. A fully bonded structure is less 
costly to build, is lower in weight and offers improved fatigue properties over a 
similar structure with fasteners. 

[0004] Aircraft structures are a good example of a critical geometry that benefits 
from full bonding. Since bonds are not sufficiently reliable, an aircraft structure uses 
both bonds and rivets to complete the structural assembly. For example, Lockheed 
Martin's KC-130 aircraft uses 500,000 rivets. A fully bonded structure without 
redundant rivets would have a significant cost and weight savings in addition to 
enhanced safety. 
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[0005] There are other geometries that cannot use redundant fastening. For 
example, solid-rocket motors use a bonded insulation to separate the burning fuel 
from the outer casing. Currently, there are no quantitative measurement systems to 
directly assess the bond quality of flight worthy components and quality assurance 
5 for such systems depends solely on process control. 

[0006] Bonding is also an important part of commercial fabrication. Automotive 
systems use significant bonding during assembly. Furniture, sports equipment, and 
boating equipment all benefit from bonded assemblies. Bonding is a significant 
medical technique for some procedures. Yet, the technology for bond assessment is 

10 unable to verify strength in a given part. 

[0007] Ultrasonics is one of the primary nondestructive approaches to assessing 
bond quality. Both pulse-echo as well as continuous wave resonance ultrasonic tests 
have been used to assess bond strength to varying degrees of success. Ultrasonic 
tests measure the reflected and/or transmitted wave energy that interacts with the 

15 bond. Typically, such tests determine geometric properties, such as voids. 
However, such tests cannot verify bond strength. 

[0008] Thermography is another testing method that has had limited success. 
Similar to scanning ultrasonics, thermography cannot distinguish a kissing bond 
from a good bond. 

20 [0009] An engineering approach to bond testing is spot sampling. Using this 
method, a component, or witness sample, is selected from a production line and 
tested to failure. The failure loads experienced by the witness sample are assumed to 
represent the failure load for all of the components that has been produced since the 
testing of the last witness sample. 

25 [0010] Witness sampling has two major failings. First, all components since the 
last witness sample test are suspect and should be identified as such. That requires 
witness sample inventory and idle parts. Second, a specific witness sample might 
not accurately represent all of the output components. 
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* 

[0011] A weak bond may be in use where a failure may be catastrophic. 
Therefore, witness sample techniques drive process costs to maintain very tight 
constraints on quality, a desired outcome, but at a cost that may exceed the return on 
investment when compared to the systems, methods, and apparatuses of this 
5 invention. 
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SUMMARY OF THE INVENTION 
[0012] High quality is a goal that might be reached at lower costs if the process 
variables that are measured directly link to the desired outcomes, namely strength. 
5 Today, one sees other variables linked to the bonding process control feedback such 
as temperature, time, pressure, vacuum and others. All are important, but not 
directly linked to strength. 

[0013] Thus, the present invention relates generally to the nondestructive 
assessment of bond strength between two members. The invention is a measurement 

10 system comprised of an ultrasonic system (including a phaselocker), a stressing 
system, and a controlling/data processing system. The systems, methods, and 
apparatuses of this invention measure changes in the nonlinear anelastic material 
properties of the bond material using ultra-sensitive acoustic phase-locking 
propagation coupled to a controlled state-change, such as stress. Bond strength is 

15 determined from statistical comparisons with similar geometry sample tests 
characterized with this technique and subsequently loaded to failure. 
[0014] During operation of the systems, methods, and apparatuses of this 
invention, the phaselocker is coupled, via a transducer, to a bonded system. Then, 
the transducer and phaselocker frequency lock to the ultrasonic phase condition of 

20 the bonded system. 

[0015] A data monitoring and acquisition circuit acquires and averages 
ultrasonic frequency data. Then, the bond strength tester applies stress to the bonded 
system, holds that stress for a period of time, and then relaxes the stress back to the 
initial condition. Before, during, and after the stress is applied to the bond, the data 

25 monitoring and acquisition circuit acquires the corresponding ultrasonic frequency 
of the locked phaselocker. 

[0016] The applied stress alters the phase-locking frequency and at least three 
measured changes occur in the bonded system. First, the bond is stretched 
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producing a longer acoustic propagation path. Second, the stress field alters the 
acoustic velocity of sound. Third, there are time dependent relaxation effects caused 
by the change in the stress field. Some of these effects are reversible while others 
are indicative of permanent changes. 
5 [0017] The bond strength tester determines the time dependant changes in the 
bonded system phase state. Bonds of high strength behave in a fashion that is 
predicable and repeatable. Questionable bonds exhibit properties clearly different 
from high strength bonds and may be identified without taking the bond to loads that 
would damage a good bond. 
10 [0018] Accordingly, this invention provides a bond strength tester, which 

generates a nondestructive measurement parameter that is linked to bond strength for 
process control. 

[0019] This invention separately provides a bond strength tester, which obtains 
measurements without damaging a fabricated part, such that witness samples may no 
1 5 longer be required. 

[0020] This invention separately provides a bond strength tester, which provides 
quantitative information about the bond physics. 

[0021] This invention separately provides a bond strength tester, which, when 
combined with witness tests data from given materials and geometries, provides 
20 bond strength parameters that are a predictor of bond strength. 

[0022] This invention separately provides a bond strength tester, which allows 
each production component to be tested rather than relying on a statistical projection 
of component performance. 

[0023] This invention separately provides a bond strength tester, wherein the 
25 bond strength of a bonded system or component may be assessed after the 
component has been in use. The re-certification of a component enables life 
assessment and perhaps life extension based on a review of the condition of all 
components in the structural assembly and their interactions. Using the systems, 
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methods, and apparatuses of this invention, re-certification of a component may be 
achieved through analyzing and determining the link between the nonlinear 
ultrasonic parameter and bond strength itself. 

[0024] This invention separately provides a bond strength tester, wherein 
5 measurements may be provided that may be used to determine the remaining life of a 
given bond assembly through periodic characterization of the bond over time. In this 
manner, degradation in strength over the life of a component may be monitored and 
used to schedule maintenance and/or retirement of the component instead of 
maintenance and/or retirement based on a linear time base or cycles of use. 
10 [0025] These and other features and advantages of this invention are described in 
or are apparent from the following detailed description of the exemplary 
embodiments. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0026] The exemplary embodiments of this invention will be described in detail, 
with reference to the following figures, wherein like reference numerals refer to like 
5 parts throughout the several views, and wherein: 

[0027] Fig. 1 shows a first exemplary embodiment of a bond strength tester 
according to this invention; 

[0028] Fig. 2 shows is a flowchart outlining one exemplary embodiment of a 
method for using the bond strength tester according to this invention; 
10 [0029] Fig. 3 shows the typical data and/or signal information that is used for 
determining a value of the non-linearity parameter (N), according to this invention; 
[0030] Fig. 4 shows a region of an exemplary stress-strain curve where a bond 
exhibits nonlinear strain; 

[0031] Fig. 5 shows an exemplary data run with hysteresis and plasticity; and 
15 [0032] Fig. 6 shows a second exemplary embodiment of a bond strength tester 
according to this invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 



[0033] For simplicity and clarification, the operating principles, design factors, 
and layout of the bond strength testing systems, methods, and apparatuses according 
5 to this invention are explained with reference to various exemplary embodiments of 
bond strength testing systems, methods, and apparatuses according to this invention. 
The basic explanation of the operation of the bond strength testing systems, 
methods, and apparatuses is applicable for the understanding and design of the 
constituent components employed in the bond strength testing systems, methods, and 

10 apparatuses of this invention. 

[0034] Fig. 1 shows a first exemplary embodiment of a bond strength tester 100 
according to this invention. As shown in Fig. 1, the bond strength tester 100 
includes at least some of a coupler 1 10, a force reactor 120, a stressor 130, a 
transducer 140, and a phaselocker 150. 

15 [0035] The coupler 1 10 integrates the force reactor 120 and the stressor 130, 
such that each of the force reactor 120 and the stressor 130 are capable of being 
actuated and/or manipulated by the controller 156. 

[0036] The force reactor 120 is capable of being attached to a bonded 
component. The force reactor 120 provides the reaction force to the stressor 130 for 
20 the exemplary embodiments including both the force reactor 120 and the stressor 
130 on the tested bond structure. The force reactor 120 can be, for example, a 
plastic rod that will undergo compression in response to the tension of the stressor 
130. 

[0037] The stressor 130 is able to apply a load or force to the bonded component 
25 following a prescribed loading sequence. The stressor 130 can have a vacuum, a 
bond joint, a magnetic chuck, or other attachment depending on the first bondplate 
170 material. The stressor 130 may include a screw device that shortens in length 
providing a pull- force on the first bondplate 170 material through the chuck reacting 



through the force reactor 120. Similarly, the force reactor 120 may be an 
electromotive device that pulls on the chuck. 

[0038] The transducer 140 is capable of converting, for example, electrical radio 
frequency signals to ultrasonic, acoustic waves. In various exemplary embodiments, 
5 the transducer may be capable of generating and transmitting a compressional or 
shear wave as a pulse, a tone burst, a continuous wave, or a guided wave. 
Additionally, in various exemplary embodiments, the transducer 140 may include 
multiple units. It should be appreciated that the transducer 140 may be any known 
or later developed device capable of converting electrical signals to acoustic waves. 

10 [0039] As shown in Fig. 1, the phaselocker 150 may include at least some of an 
input/output interface 152, a data monitoring and acquisition circuit 154, a controller 
156, a memory 158, an information database 160, a display manager 162, and a 
display 164. The phaselocker 150 interfaces with the transducer 140, via a linked 
connection 145, through the input/output interface 152. 

15 [0040] In various exemplary embodiments, the phaselocker 150 is a high- 
resolution ultrasonic interferometer system, a transmission/reflection oscillator 
ultrasonic spectrometer, or a pulsed-phase-locked-loop ultrasonic spectrometer, such 
as, for example, the pulsed-phase-locked-loop monitor disclosed in U.S. Patent No.: 
4,1 17,731 to Heyman or U.S. Patent No.: 4,363,242 to Heyman. In these various 

20 exemplary embodiments, any elements described as being optionally included in the 
various exemplary embodiments of the phaselocker 150 (i.e., the input/output 
interface 152, the data monitoring and acquisition circuit 154, the controller 156, the 
memory 158, the information database 160, the display manager 162, and the display 
164), may optionally be operatively coupled to the phaselocker 150 as, for example a 

25 computer device. 

[0041] In various exemplary embodiments, the memory 158 may be implemented 
using any appropriate combination of alterable, volatile or non- volatile memory or 
non-alterable, or fixed, memory. The alterable memory, whether volatile or 
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non-volatile, may be implemented using any one or more of non-selectable or dynamic 
RAM, a floppy disk and disk drive, a writable or re-writable optical disk and disk 
drive, a hard drive, flash memory or the like. Similarly, the non-alterable or fixed 
memory may be implemented using any one or more of ROM, PROM, EPROM, 
EEPROM, an optical ROM disk, such as a CD-ROM or DVD-ROM disk, and disk 
drive or the like. 

[0042] In various exemplary embodiments, the memory 158 stores software and 
data including a software program and specific algorithms used by the bond strength 
tester 100. For example, the memory 158 may store certain ultrasonic wave 
propagation and determination software and certain display software. Wave 
propagation and determination software and display software are familiar to those of 
ordinary skill in the art. 

[0043] The data monitoring and acquisition circuit 154 monitors incoming data 
and/or signal information from the transducer 140 as well as outgoing data and/or 
signal information to the transducer 140. 

[0044] The controller 156 manages reading data from and writing data to the 
memory 158 and drives or manages the transmission of data and/or signal 
information to and the reception of data and/or signal information from the 
transducer 140, through the input/output interface 152. 

[0045] The controller 156 also drives or manages operation of the force reactor 
120 and the stressor 130, such that the force reactor 120 and the stressor 130 are 
capable of being actuated and/or manipulated in concert, by the controller 156, to 
apply a load or force to a bonded component, following a prescribed loading 
sequence. 

[0046] The information database 160 may store at least some data and/or signal 
information, such as, for example, data and/or signal processing, generation, 
interpretation, or analysis information. In various exemplary embodiments, the 
information database 160 may store at least some data and/or information for 
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transfer to the data monitoring and acquisition circuit 154 or that is received from 
the data monitoring and acquisition circuit 154. The information database 160 may 
store at least some data and/or signal information obtained from prior tests of 
particular components for comparison to immediate or future test information of the 
5 same or similar components. 

[0047] In various exemplary embodiments, the display manager 162 drives the 
display 164. The display 164 may be a cathode ray tube display, a liquid crystal 
display, a plasma display, a light emitting diode (LED) display, or any other known 
or later developed system capable of displaying data. 

10 [0048] It should be understood that each of the elements of the phaselocker 150, 
as shown in Fig. 1, may be implemented as portions of a suitably programmed 
general-purpose computer. Alternatively, each of the elements of the phaselocker 
150 shown in Fig. 1 can be implemented as physically distinct hardware circuits 
within an ASIC, or using a FPGA, a PDL, a PLA or a PAL, or using discrete logic 

15 elements or discrete circuit elements. The particular form that each of the elements 
of the phaselocker 150 will take is a design choice and will be predicable to those 
skilled in the art. 

[0049] Moreover, the phaselocker 150 may be implemented as software 
executing on a programmed general-purpose computer, a special purpose computer, 

20 a microprocessor or the like. In this case, the phaselocker 1 50 may be implemented 
by physically incorporating it into a software and/or hardware system, such as the 
hardware or firmware systems of another personal digital assistant, bi-directional 
pager, analog or digital cellular phone, or the like. The phaselocker 150 may also be 
implemented as a routine embedded in a network client, as a resource residing bn a 

25 network server, or the like. 

[0050] Thus, in summary, the phaselocker 150 may be implemented on a 
programmed general purpose computer, a special purpose computer, a programmed 
microprocessor or microcontroller and peripheral integrated circuit elements, an ASIC 
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or other integrated circuit, a digital signal processor, a hardwired electronic or logic 
circuit such as a discrete element circuit, a programmable logic device such as a PLD, 
PLA, FPGA or PAL, or the like. In general, any device, capable of implementing a 
finite state machine that is in turn capable of implementing the flowchart shown in Fig 
5 2 may be used to implement the phaselocker 1 50. 

[0051] In the various exemplary embodiments described herein, the phaselocker 
150 interfaces, for example, with the transducer 140, through the linked connection 
145 using the input/output interface 152. Alternatively, the phaselocker 150 may 
interface with the transducer 140, through a direct wired connection. The linked 

10 connection 145 may be any known or later developed device or system for 

connecting the phaselocker 150 to the transducer 140, including a wireless link, a 
connection over a LAN, a WAN, or any other distributed network, a connection over 
the public switched telephone network, a connection over a coaxial cable (i.e., 
CATV) system, a connection over a cellular telephone network, a very high 

15 frequency (VHF) connection, an ultra high frequency (UHF) connection, a radio 

frequency (RF) connection, a satellite connection, or the like. In general, the linked 
connection 145 may be any known or later developed connection system or structure 
usable to connect the phaselocker 150 to the transducer 140, including both wired 
and wireless connections. 

20 [0052] In the various exemplary embodiments described herein, the phaselocker 
150 interfaces, for example, with the transducer 140, through a direct wired 
connection. Alternatively, the phaselocker 150 may interface with the transducer 
140 and/or any other device or database, through a linked connection, as described 
above, using the input/output interface 152. 

25 [0053] It should be appreciated that, in various exemplary embodiments, any of 
the data monitoring and acquisition circuit 154, the controller 156, the memory 158, 
the information database 160, the display manager 162, or the display 164 may be 
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located remote from the phaselocker 150 and accessed by the phaselocker 150, via 
the input/output interface 152. 

[0054] In various exemplary embodiments, the bond strength tester 100 will be 
included as part of the software executing on the computer or CPU. It should be 
5 appreciated that any other known or later developed system capable of processing 
and outputting data and/or signal information could be used in place of the computer 
or CPU. Appropriate software for coordinating with, for example, the display 164 
and displaying the graph data and/or signal information is available and understood 
by those of ordinary skill in the art. 

10 [0055] During operation of one exemplary embodiment of the bond strength 
tester 100, the force reactor 120 is attached to the bonded component. In various 
exemplary embodiments, the bonded component comprises a first bondplate 170 and 
a second bondplate 180, which are bonded by a bond material 190. 
[0056] In the exemplary embodiment shown in Fig. 1, the force reactor 120 is 

15 attached to the first bondplate 170. It should be appreciated that the force reactor 
120 may be attached to any portion of the bonded component and may be attached 
by vacuum or any other means or method. 

[0057] When the force reactor 120 is attached to the bonded component, the 

force reactor 120 is able to act in correspondence with the stressor 130, such that the 
20 stressor 130 is able to apply a load or force to the bonded component, and, more 

specifically, the bond material 190 following a prescribed loading sequence. 

Likewise, the stressing force may be applied and measured externally pulling on the 

coupler 110 through, for example, a force gage that reports to the controller 156. 

[0058] It should be appreciated that both the force reactor 120 and the stressor 
25 130 are attached to a coupler 110 and are capable of being actuated and/or 

manipulated by the controller 156. 
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[0059] An ultrasonic transducer 140 is coupled or attached to an appropriate 
portion of the bonded component and is coupled, via the linked connection 145, to 
the phaselocker 150. 

[0060] When the appropriate components are coupled or attached to the bonded 
component, the bond strength tester 100 is capable of measuring the bond strength of 
the bond material 190 between the first bondplate 170 and the second bondplate 180. 
[0061] In various exemplary embodiments of the bond strength tester 100, dual 
transducers and/or guided- wave transducers may be used for feedback, such that the 
phaselocker 150 may sample the bond and the bond material 190 in a variety of ways 
in transmission, reflection, and in resonance. Shear wave transducers and/or 
compressional wave devices may also be used. 

[0062] The bond strength tester 100 provides a unique characterization of the 
bond and the bond material 190 that is based on physical parameters directly linked 
to strength. The parameters are associated with the polymer chain-links and their 
stability under stress, their chain straightening caused by strain and chain 
deformation under load. 

[0063] In various exemplary embodiments, the bond strength tester 100 is 
capable of altering the temperature of the bond and/or the bond material 190 in a 
prescribed fashion while taking temperature data with or without load data and 
ultrasonic frequency data to determine bond parameters as a function of temperature. 
In this manner the bond strength tester 100 may determine certain elements of the 
thermodynamic physics of the bond and the bond material 190 under load and may 
identify certain bond strength parameters from load, ultrasonic, and thermal data. 
[0064] When a bond is loaded, it's elastic elongation results in a temperature 
drop, similar to what occurs when a gas expands. Thermal diffusion brings the bond 
back to equilibrium with the environment. When the bond is unloaded, the bond 
will end up at a temperature above its initial condition. The bond will then, again, 
through diffusion, equilibrate. For plastic deformation, energy is released by the 
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bond generating heat. Thus, plasticity results in the opposite effect caused by 
thermodynamic stress-induced cooling. 

[0065] The bond strength tester 100 captures the strain and thermodynamic 
, effects that are occurring in the bond and the bond material 190. 
[0066] Fig. 2 is a flowchart outlining one exemplary embodiment of a method 
for using the bond strength tester according to this invention. 
[0067] As shown in Fig. 2, beginning in step S200, control continues to step 
S205, where a phaselocker is coupled, via a transducer, to a bonded component or 
system to be tested. Next, in step S210, the transducer and phaselocker frequency 
lock to the ultrasonic phase condition of the ensemble system (including the 
transducer, the bonded components, the bonds, any connectors, and the phaselocker) 
and a data monitoring and acquisition circuit acquires at least some load data and 
ultrasonic frequency, initial conditions data for the ensemble system. 
[0068] In various exemplary embodiments, the transducer transmits a 
compressional or shear wave as a pulse, a tone burst, a continuous wave, or a guided 
wave. 

[0069] In various exemplary embodiments, a data monitoring and acquisition 
circuit acquires and averages the initial conditions data with a frequency resolution 
of parts in ten million Hertz. It should be appreciated that in step S210, the bond 
strength tester may save, transmit, and/or display at least some information and/or 
data regarding the acquired initial conditions data for the ensemble system. Control 
then advances to step S215. 

[0070] In step S2 1 5, the bond strength tester applies an external load to the 
bonded component by placing the bond under tension or compression, thereby 
applying stress to the bond (a load period). While stress is being applied to the 
bond, the data monitoring and acquisition circuit acquires at least some load data and 
ultrasonic frequency data from the ensemble system. It should be appreciated that in 
step S215, the bond strength tester may save, transmit, and/or display at least some 
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information and/or data regarding the acquired load data and ultrasonic frequency 
data for the load period. Control then advances to step S220. 

[0071] In step S220, the bond strength tester maintains the external load, thereby 
maintaining the applied stress on the bond for a period of time (a load-hold period). 
5 The load-hold period for any particular bond or ensemble system depends on the 
bond material, but may be on the order of minutes for most materials. While stress 
is maintained on the bond, the data monitoring and acquisition circuit acquires at 
least some load data and ultrasonic frequency data from the ensemble system. It 
should be appreciated that in step S220, the bond strength tester may save, transmit, 
10 and/or display at least some information and/or data regarding the acquired load data 
and ultrasonic frequency data for the load-hold period. Control then advances to 
step S225. 

[0072] In step S225, the bond strength tester removes the external load, thereby 
relaxing the stress on the bond back to the initial condition (an unload period). 

15 During the relaxation period, or unload period, while stress is removed from the 

bond, the data monitoring and acquisition circuit acquires at least some load data and 
ultrasonic frequency data from the ensemble system. It should be appreciated that in 
step S225, the bond strength tester may save, transmit, and/or display at least some 
information and/or data regarding the acquired load data and ultrasonic frequency 

20 data for the unload period. Control then advances to step S230. 

[0073] In step S230, when the stress has been removed from the bond, the 
transducer and phaselocker frequency data monitoring and acquisition circuit 
acquires at least some load data and ultrasonic frequency, final conditions data. It 
should be appreciated that in step S230, the bond strength tester may save, transmit, 

25 and/or display at least some information and/or data regarding the acquired 
ultrasonic frequency, final conditions data. 

[0074] Then, in step S235, a non-linearity parameter (N) is determined, as 
described in greater detail with respect to Figs. 3-5. N is the normalized frequency 
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shift divided by the load per unit bond area. It should be appreciated that in step 
S235, the bond strength tester may save, transmit, and/or display at least some 
information and/or data regarding the determined non-linearity parameter, N. 
Control then advances to step S240. 
5 [0075] In step S240, a hysteresis parameter (HI) is determined for the load-hold 
period, as described in greater detail with respect to Fig. 5. Then, in step S245, a 
hysteresis parameter (H2) is determined for the unload period, as also described in 
greater detail with respect to Fig. 5. It should be appreciated that in step S240 and/or 
step S245, the bond strength tester may save, transmit, and/or display at least some 
10 information and/or data regarding the determined hysteresis parameter HI and/or 
H2. Control then advances to step S250. 

[0076] In step S250, a plasticity parameter (P) is determined from the relaxed 
bond state. P is the normalized frequency deviation from initial conditions divided 
by the maximum load per unit bond area, as described in greater detail with respect 

15 to Fig. 5. It should be appreciated that in step S250, the bond strength tester may 
save, transmit, and/or display at least some information and/or data regarding the 
determined plasticity parameter, P. Control then advances to step S255. 
[0077] In step S255, the bond strength tester determines the time dependant 
changes in the ensemble bond phase states, using the determined parameters, N, HI, 

20 H2, and P, as described in greater detail with respect to Fig. 5. It should be 

appreciated that in step S255, the bond strength tester may save, transmit, and/or 
display at least some information and/or data regarding the determined parameters, 
N,Hl,H2,orP. 

[0078] Then, in step S260, the bond strength tester determines the strength of the 
25 bond. It should be appreciated that in step S260, the bond strength tester may save, 
transmit, and/or display at least some information and/or data regarding the 
determined strength of the bond. 

[0079] Control then advances to step S265 and the method ends. 
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[0080] In various exemplary embodiments, the bond strength tester also alters 
the temperature of the bond and/or the bond material in a prescribed fashion while 
taking temperature data with or without load data and ultrasonic frequency data to 
determine bond parameters as a function of temperature. In this manner the bond 
5 strength tester may identify certain bond strength parameters from load, ultrasonic, 
and thermal data. 

[0081] It should be appreciated that the analysis of the bond strength parameters 
is unique for different bond geometries and bond materials. However, once the 
unique properties are determined with tests to failure (i.e., parameters from similar 
10 tests on calibration samples that are or have been proof tested to failure), the 

determined failure parameters may be used to predict bond strength for a given bond 
or ensemble system. In this manner, the bond strength tester may provide an 
assessment of the future capability of a bonded joint without taking that joint to a 
near-failure load. 

15 [0082] It should also be understood that the method outlined above may be used 
in successive tests, as described in greater detail with respect to Fig. 5, to provide 
comparison data and or determine the strength of a bond. 

[0083] Fig. 3 shows the typical data and/or signal information that is used for 
determining a value of the non-linearity parameter (N), according to this invention. 
20 The data and/or signal information is shown in the form of a curve 305. The slope 
of the curve 305 (the change in the Normalized Frequency divided by the change in 
the Load) is N. 

[0084] As shown in Fig. 3, the sample bond is behaving elastically. Even 
thought the material is in the elastic range of load, the parameter N measures the 
25 higher-order elastic constant associated with non-linearity. 

[0085] Fig. 4 shows a region of an exemplary stress-strain curve where a bond 
exhibits nonlinear strain. It should be appreciated that the bond strength tester of 
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this invention is useable to document higher-order bond elasticity properties for all 
regions of the stress-strain curve. 

[0086] In the linear region 410 of the stress-strain curve of Fig. 4, the 
introduction of an incremental load-stress, d a, produces a corresponding strain, d e. 
However, in the nonlinear region 420, the strain is increased beyond that expected 
from a linear response. 

[0087] The stress/strain properties are linked to the ultrasonic velocity through 
the elastic constants and the density. Furthermore, it has been shown that higher 
order elastic constants are linked to engineering states and properties of applied 
stress, heat treatment, residual stress, and fatigue. 

[0088] Using applied stress as an example, we explore the stress-strain equation, 
which, in various exemplary embodiments, may be visualized through Equation 1, as 
shown below. 



15 [0089] Equation 1: 



a= k 2 6 + k 3 6 2 + ...=k(6)6 
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[0090] Where: 

[0091] o is the stress; 

[0092] k 2 is the second order "spring" constant; 

[0093] k3 is the third order constant; and 

[0094] e is the strain. 
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[0095] The ultrasonic velocity is related to the elastic constants (k(e)) and the 
material density (p) by Equation 2, as shown below. 



[0096] Equation 2: 



V 2 =k(e)/p ~(k 2 + k 3 e)/p 
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[0097] Taking a strain derivative of Equation 2 reveals Equation 3, as shown 
below. 

[0098] Equation 3: dV/de = k 3 /(2Vp) 

5 

[0099] Thus, the strain derivative of the velocity of sound is a parameter directly 
linked to the third-order elastic constant, a fundamental property of the material 
closely linked to nonlinear material behavior. In this manner, velocity derivatives 
may be used to determine quantitatively the underlying properties of the bond 

10 material, nondestructively. 

[00100] In various exemplary embodiments, when the load-stress is applied as a 
ramp, the strain will occur in response, but may exhibit some hysteresis. For that 
reason, the bond strength tester of this invention determines the time dependency of 
N for applying the load, holding the load and relaxing the load. The response of N 

15 upon loading is used to determine certain other bond strength tester parameters, such 
as, for example, HI, H2, and P. 

[00101] Fig. 5 shows an exemplary data run with hysteresis and plasticity. As 
shown in Fig. 5, the stress-load curve 505 is shown as a function of time for a load 
period (from 0 to Tl), a load-hold period (from Tl to T2), and an unload period 

20 (from T2 to T3). 

[00102] As further shown in Fig. 5, a corresponding change in a normalized 
frequency (dF/F) 515 increases (from 0 to A) during the load period, shows 
hysteresis during the load-hold period (from A to B), and decreases during the 
unload period (from B to C). A certain amount of hysteresis is observed after the 

25 unload period, when the load has been released (from C to D). Additionally, the 

sample exhibits a certain degree of plasticity after the load has been released (from D 
to 0). 
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[00103] Using the determined change in a normalized frequency, the bond 
strength tester parameters (N, HI, H2, and P) may be determined from this test for a 
given maximum stress-load. N is the value of the dF/F curve divided by the change 
in stress-load from zero. HI is the difference in dF/F between points A and B, 
5 divided by the maximum stress-load. Likewise, H2 is the difference in dF/F 
between points C and D divided by the maximum stress-load. The plasticity 
parameter, P, is the difference in dF/F between points D and 0. 
[00104] In various exemplary embodiments, the bond strength tester parameters 
are determined for several levels of load-stress. Each level increasing in load-stress 
10 well below the required ultimate loads required of the structural bond. In various 

exemplary embodiments, the stability of the parameters with increasing load-stress is 
a second level test performed by the bond strength tester. 

[00105] For example, after initially testing a particular bond, load-stress levels 
may reveal values for N, HI, H2, and P. Then, starting again at zero load-stress, a 
15 second test may be performed, wherein a next load-stress level that is 150% of the 
initial applied load-stress level is applied to the bond. 

[00106] After the second test is performed, a set of second bond strength tester 
parameters (N', HI *, H2\ and P') may be determined and compared to the 
corresponding initial bond strength tester parameters. The results of this comparison 

20 may then be compared with, for example, determined failure parameters from 

corresponding results achieved from, for example, a witness bond test wherein the 
witness bond was pulled to failure after or while being measured by the bond 
strength tester. In various exemplary embodiments, if the determined or compared 
parameters vary more than a prescribed level, as determined from the witness tests, 

25 the bond may be deemed questionable. 

[00107] Fig. 6 shows a second exemplary embodiment of a bond strength tester 
according to this invention. As shown in Fig. 6, the bond strength tester 600 
includes at least some of a coupler 610, a force reactor 620, a stressor 630, a 
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transducer 640, and a phaselocker 650. Additionally, it should be appreciated that 
the phaselocker 650 may include at least some of an input/output interface 652 (not 
shown), a data monitoring and acquisition circuit 654 (not shown), a controller 656 
(not shown), a memory 658 (not shown), an information database 660 (not shown), a 
display manager 662 (not shown), and a display 664 (not shown). 
[00108] It should be understood that each of these elements corresponds to and 
operates similarly to the bond strength tester 100, the coupler 110, the force reactor 
120, the stressor 130, the transducer 140, and the phaselocker 150, the input/output 
interface 152, the data monitoring and acquisition circuit 154, the controller 156, the 
memory 158, the information database 160, the display manager 162, and the display 
164, as described above with reference to Fig. 1. 

[00109] However, the bond strength tester 600, as shown in Fig. 6, has been 
configured to measure shear bond strength between a first bondplate 670 and a 
second bondplate 680, which are bonded by a bond material 690. Using the bond 
strength tester 600, measurements are taken the same manner as described above 
with reference to Figs. 1 and 2, except that the load or stress is applied parallel to the 
line of the bond 690. 

[00110] While this invention has been described in conjunction with the 
exemplary embodiments outlined above, it will be apparent by those of ordinary skill 
in the art that various changes, alternatives, modifications, and variations may be 
made without departing from the spirit and scope of the invention. For example, 
different acoustic waves such as guided waves or shear waves may be used for this 
device. The stressing force generated by the stressor 130 may be generated and 
measured externally by pulling on the coupler 110. The stressor 130 may determine 
other strength properties. The coupler 110 may apply heat or cooling to determine 
acoustic changes in the bonded ensemble as a thermal derivative in contrast or in 
parallel to the stress derivative. 
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[001 11] Additionally, it should be understood that the specific location of the 
various elements included in the bond strength tester is for a basic understanding of 
the elements included in the bond strength tester and is not to be viewed as limiting 
the placement of the described elements. 
5 [00112] Accordingly, the exemplary embodiments of the invention, as set forth 
above, are intended to be illustrative, not limiting. Various changes may be made 
without departing from the spirit and scope of the invention and it is intended that the 
appended claims be interpreted as including the foregoing as well as other equivalent 
changes and modifications. 
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